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ABSTRACT:	  Condensation	  of	  ortho-­‐phenylenediamine	  deriv-­‐
atives	  with	  ortho-­‐quinone	  moieties	  at	  edge	  planes	  of	  graphitic	  
carbon	   generates	   graphite-­‐conjugated	   pyrazines	   (GCPs)	   that	  
are	   active	   for	   oxygen	   reduction	   electrocatalysis	   in	   alkaline	  
aqueous	   electrolyte.	   Catalytic	   rates	   of	   oxygen	   reduction	   are	  
positively	  correlated	  with	  the	  electrophilicity	  of	  the	  active	  site	  
pyrazine	  unit,	  and	  can	  be	  tuned	  by	  over	  70	  fold	  by	  appending	  
electron-­‐withdrawing	   substituents	   to	   the	   phenylenediamine	  
precursors.	   Discrete	   molecular	   analogs	   containing	   pyrazine	  
moieties	  display	  no	  activity	  above	  background	  under	  identical	  
conditions.	   This	   simple	   bottom	   up	  method	   for	   constructing	  
molecularly	  well-­‐defined	   active	   sites	   on	   ubiquitous	   graphitic	  
solids	   enables	   the	   rational	   design	   of	   tunable	   heterogeneous	  
catalysts.	  	  
The	   interconversion	   of	   electrical	   and	   chemical	   energy	   re-­‐
quires	   the	   coupling	   of	   electron	   transfer	  with	   substrate	   bond	  
rearrangement.	  This	  can	  be	  achieved	  at	  surface	  exposed	  active	  
sites	  of	  heterogeneous	  electrocatalysts1	  or	  via	  redox	  mediation	  
facilitated	  by	  a	  homogeneous	  molecular	  electrocatalyst.2	  Mo-­‐
lecular	  electrocatalysts	  yield	  readily	  to	  synthetic	  alteration	  of	  
their	  redox	  properties	  permitting	  systematic	  tuning	  of	  catalyst	  
activity	  and	   selectivity.3	  Similar	   control	   is	  difficult	   to	  achieve	  
with	   heterogeneous	   electrocatalysts	   because	   they	   typically	  
exhibit	  a	  distribution	  of	  active	  site	  geometries	  and	  local	  elec-­‐
tronic	   structures,4	  which	   are	   recalcitrant	   to	   molecular-­‐level	  
synthetic	  modification.	  However,	   heterogeneous	   electrocata-­‐
lysts	   typically	  exhibit	  greater	  durability	  and	  are	  more	   readily	  
integrated	   into	   functional	   energy	   conversion	  devices	   such	  as	  
fuel	  cells	  and	  electrolyzers.	  In	  principle,	  the	  attractive	  features	  
of	  heterogeneous	  and	  molecular	  catalysts	  could	  be	  combined	  
if	   robust	   methods	   are	   developed	   for	   constructing	   well-­‐
defined,	   tunable	   active	   sites	   on	   the	   surfaces	   of	   conductive	  
solids.	  
Typically,	   molecular	   electrocatalysts	   are	   heterogenized	   by	  
introducing	   an	   inert	   tether	   between	   the	   active	   site	   and	   the	  
electrode	   surface.5	  However,	   there	   exist	   a	   paucity6	  of	   surface	  
connection	  chemistries	  that	  are	  both	  robust	  and	  well-­‐defined.	  
For	   example,	   thiol-­‐based	   self-­‐assembled	  monolayers	   provide	  
for	  a	  high	  degree	  of	  surface	  uniformity, 7	  but	  exhibit	  a	  limited	  
range	   of	   electrochemical	   stability.8	  In	   contrast,	   harsher	   liga-­‐
tion	   methods	   involving	   electrogenerated	   radicals9	  forge	   ro-­‐
bust	  covalent	   linkages	  with	  carbon	  surfaces	  but	  are	  prone	  to	  
form	   ill-­‐defined	   polymeric	  multilayers	   and	   are	   incompatible	  
with	   sensitive	   molecular	   functionality.9	   Additionally,	   these	  
methods	   inherently	   impose	   a	   tunneling	   barrier	   for	   electron	  
transfer,	  limiting	  the	  rate	  of	  electron	  flux	  to	  the	  active	  site.	  
Herein,	  we	  introduce	  an	  orthogonal	  strategy	  for	  constructing	  
molecularly	  well-­‐defined	  surface	  active	  sites	  that	  exploits	  the	  
native	   surface	   chemistry	   of	   graphitic	   carbon,	   obviating	   the	  
need	  for	  an	  exogenous	  linker.	  We	  show	  that	  condensation	  of	  
ortho-­‐phenylenediamines	   with	   ortho-­‐quinone	   moieties	   pre-­‐
sent	   on	   the	   edge	   planes	   of	   graphitic	   carbons10 ,11	  generates	  
graphite-­‐conjugated	   pyrazine	   (GCP)	  moieties	   that	   are	   active	  
for	  oxygen	  reduction	  catalysis	  in	  alkaline	  aqueous	  electrolytes.	  
GCPs	   constitute	   a	   new	   class	   of	   well-­‐defined	   heterogeneous	  
catalysts	   in	  which	   the	  active	   site	   reactivity	  can	  be	  systemati-­‐
cally	   tuned	   at	   the	  molecular	   level	   by	  modifying	   the	  diamine	  
precursor	  (Scheme	  1).	  
	  
Scheme	   1.	   Condensation	   of	  ortho-­‐phenylenediamine	   deriva-­‐
tives	   with	   ortho-­‐quinone	   edge	   sites	   of	   graphene	   sheets	   to	  
generate	  graphite-­‐conjugated	  pyrazines	  (GCPs).	  
To	  facilitate	  systematic	  studies	  of	  oxygen	  reduction	  catalysis,	  
GCPs	   were	   synthesized	   on	   glassy	   carbon	   (GC)	   electrodes,	  
which	   contain	   graphitic	   domains	   with	   a	   high	   edge	   to	   basal	  
plane	   ratio.10b,c	   To	   clean	   the	   GC	   surface	   and	   increase	   the	  
population	   of	   surface	   quinone	   groups,	   electrodes	   were	   sub-­‐
jected	   to	   brief	   anodic	   treatment	   following	   literature	   meth-­‐
ods.12	  We	   then	   treated	   the	   anodized	  GC	   electrodes	  with	   the	  
requisite	   phenylenediamine	   precursor	   in	   ethanol	   at	   60˚C	   for	  
12	  hours,	  after	  which,	  the	  electrodes	  were	  rinsed	  with	  copious	  
amounts	  of	  pure	  ethanol,	  water,	  and	  0.1	  M	  HClO4.	  By	  employ-­‐
ing	   differentially	   substituted	   diamines,	   three	   distinct	   GCP	  
catalysts,	  1-­‐3,	  were	  obtained	  (Scheme	  1).	  	  
To	  characterize	  the	  surface	  species	  generated	  by	  this	  synthetic	  
protocol,	   we	   examined	   1-­‐3	   via	   X-­‐ray	   photoelectron	   spectros-­‐
copy	   (XPS).	  Data	   for	   1	   is	   shown	   in	  Figure	   1a	   (XPS	  data	   for	  2	  
and	   3	   are	   shown	   in	   Figures	   S1,	   and	   fitting	   parameters	   are	  
summarized	   in	   Table	   S1).	   Upon	   functionalization	   of	   the	   GC	  
electrode	  with	   1’,	   a	  pronounced	  peak	   is	  observed	   in	   the	  N	   1s	  
XPS	  spectrum	  at	  398.9	  eV	  binding	  energy	  that	  is	  absent	  in	  the	  
native	  electrode	  (Figure	  S2).	  This	  peak	  position	  is	  in	  line	  with	  
that	  expected	  for	  pyridinic	  nitrogen	  moieties	  on	  N-­‐containing	  
carbons.13	  In	  addition,	  we	  observed	  a	  sharp	  F	  1s	  peak	  at	  687.0	  
eV	  binding	  energy	  (Figure	  1a	  inset)	  and	  XPS	  spectra	  reveal	  an	  
N/F	   ratio	   of	   ~	   2,	   in	   line	   with	   the	   atomic	   composition	   of	   1’.	  
These	   same	   spectral	   features	   are	   also	   observed	   in	   the	   N	   1s	  
spectra	  for	  2	  and	  3,	  with	  an	  additional	  peak	  observed	  at	  401.7	  
eV	   for	   3,	   diagnostic	   of	   the	   pyridinium	  nitrogen	   (Figure	   S1).13	  
Together	   the	   data	   indicate	   that	   ortho-­‐phenylenediamines	  
chemically	  ligate	  to	  glassy	  carbon	  surfaces.	  	  
	  
Figure	  1.	  (a)	  High	  resolution	  N	  1s	  and	  F	  1s	  (inset)	  XPS	  spectra	  
of	  1.	   (b)	  N	  K-­‐edge	  XANES	  of	  1’-­‐treated	  high	  surface	  area	  car-­‐
bon	  (black	  solid	  line)	  and	  phenazine	  (red	  dashed	  line).	  
To	  gain	  further	  insight	  into	  the	  local	  bonding	  environment	  of	  
nitrogen	  centers,14	  we	  probed	  1’-­‐treated	  high	  surface	  area	  gra-­‐
phitic	   carbon,	   Monarch	   1300,	   by	   nitrogen	   K-­‐edge	   X-­‐ray	   ab-­‐
sorption	   near	   edge	   structure	   (XANES)	   spectroscopy	   (Figure	  
1b,	  black)).	  Combustion	  analysis	  of	  this	  high	  surface	  area	  vari-­‐
ant	  of	  1	  reveals	  an	  increase	  in	  N	  content	  from	  0.1	  to	  1.3	  mass	  %	  
(Table	   S2),	   consistent	   with	   incorporation	   of	   1’	   into	   the	   high	  
surface	  area	  carbon.	  The	  XANES	  spectra	  of	  the	  modified	  car-­‐
bon	  displays	  a	  sharp	  feature	  at	  398.0	  eV	  assigned	  to	  the	  1s-­‐π*	  
transition.	  This	  is	  followed	  by	  a	  series	  of	  broad	  features	  span-­‐
ning	  407	  eV	  to	  409	  eV	  which	  are	  assigned	  to	  1s-­‐σ*	  transitions.	  
An	   excellent	   match	   is	   observed	   between	   the	   spectrum	   of	  
phenazine	   (Figure	   1b,	   red	  dashed	   line)	  and	  high	  surface	  area	  
carbon	   treated	   with	   1’	   (Figure	   1b,	   solid	   line).	   The	   observed	  
spectral	  features	  are	  distinct	  from	  those	  observed	  for	  free	  aryl	  
amines	  in	  1’	  (Figure	  S3)	  or	  imidazole	  nitrogens	  which	  display	  a	  
pre-­‐edge	   feature	  at	  401	  eV,14	  2	  eV	  blueshifted	  relative	   to	   that	  
observed	  for	  the	  Monarch	  1300-­‐modified	  GCP.	  Thus,	  the	  good	  
spectral	  agreement	  between	  phenazine	  and	  the	  modified	  car-­‐
bon	  suggests	  a	  negligible	  population	  of	  free	  amines	  or	  surface	  
imidazoles.	   The	   latter,	  which	   could	   arise	   from	   condensation	  
of	   ortho-­‐phenylenediamines	   with	   surface	   carboxylic	   acids	  
requires	  strong	  acid	  catalysis	  and	  high	  temperatures,15	  and	   is	  
thus	  disfavored	  under	  these	  mild	  conditions.	  Together,	  these	  
data	   establish	   that	   the	   synthetic	   protocol	   in	   Scheme	   1	   selec-­‐
tively	  generates	  surface	  pyrazinic	  units	  and	  that	  this	  chemis-­‐
try	  is	  generally	  applicable	  to	  both	  low	  surface	  area	  glassy	  car-­‐
bons	  and	  high	  surface	  area	  graphitic	  carbons.	  
Conveniently,	   surface	  pyrazine	  units	  display	   reversible	   redox	  
features	   in	   aqueous	   electrolytes	   that	   are	   absent	   in	  untreated	  
electrodes	  (Figure	  S4).11	  Slow	  scan	  cyclic	  voltammograms	  of	  1,	  
2,	   and	  3	   (Figure	   2,	   black)	   in	  N2-­‐saturated	  0.1	  M	  KOH,	   reveal	  
reversible	  waves	  with	  formal	  potentials	  of	  E1/2	  =	  0.01,	  0.05,	  and	  
0.48	   V	   (all	   potentials	   are	   reported	   versus	   the	   reversible	   hy-­‐
drogen	  electrode,	  RHE),	  respectively.	  3	  also	  exhibits	  a	  second	  
redox	   wave	   at	   0.07	   V	   attributed	   to	   subsequent	   reduction	   of	  
the	  pyrazine	  core.	  The	  peak	  currents	  scale	   linearly	  with	  scan	  
rate	  (Figure	  S5)	  and	  small	  peak-­‐to-­‐peak	  separations	  were	  ob-­‐
served	  indicating	  that	  the	  redox	  feature	  result	  from	  a	  surface	  
bound	  rather	  than	  diffusing	  species.	  Importantly,	  substitution	  
of	  the	  diamine	  precursor	  has	  a	  dramatic	   influence	  on	  the	  re-­‐
dox	   potential,	   with	   the	   strongly	   electron	   withdrawing	   pyri-­‐
dinium	  unit	  in	  3	  imposing	  a	  ~0.5	  V	  shift	  in	  the	  first	  redox	  po-­‐
tential.	   In	   all	   cases,	   the	   redox	  waves	   are	   broad,	   displaying	   a	  
peak	   width	   at	   half	   height	   of	   >200	   mV,	   significantly	   greater	  
than	   the	  90.6/n	  mV	  value	  expected	   for	   ideal	  non-­‐interacting	  
surface	   bound	   molecular	   centers.16	  We	   attribute	   the	   broad-­‐
ness	   of	   these	   redox	   features	   to	   lateral	   electrostatic	   interac-­‐
tions17	  on	   the	   surface	   between	   proximate	   pyrazine	   units	   as	  
well	  as	   interactions	  between	  pyrazine	  units	  and	  charged	  sur-­‐
face	  oxides.	  
	  
Figure	   2.	   Cyclic	   voltammograms	   (5	   mV/s	   scan	   rate)	   of	   1	  
(black),	  2	   (red),	   and	   3	   (blue)	   recorded	   in	  N2-­‐saturated	  0.1	  M	  
KOH	  electrolyte.	  
Integration	  of	   these	   redox	  waves	  provides	  an	  estimate	  of	   the	  
surface	  site	  density	  of	  electroactive	  pyrazines.	  Accounting	  for	  
the	   surface	   roughness	   of	   the	   anodized	   GC	   electrode	   (see	   SI	  
Figure	   S6,	   S7,	   and	   Table	   S3)	   and	   assuming	   two	   electrons	  
transferred	   per	   pyrazine	   unit,	  we	   calculated	   site	   densities	   of	  
~0.25	  nmol	  cm−2	  for	  1	  and	  2,	  and	  14	  pmol	  cm−2	  for	  3.	  The	  val-­‐
ues	  obtained	  for	  1	  and	  2	  are	  comparable	  to	  the	  coverages	  ob-­‐
served	   for	   self-­‐assembled	   monolayers	   on	   Au	   electrodesError!	  
Bookmark	   not	   defined.	   indicating	   that	   the	   surface	   population	   of	  
pyrazines	   in	   1	   and	   2	   is	   relatively	   high	   whereas	   the	   surface	  
population	  of	  3	  is	  ~20	  fold	  lower.	  The	  relatively	  low	  site	  densi-­‐
ty	  observed	  for	  3	  may	  be	  due	  to	  electrostatic	  repulsion	  of	  pyr-­‐
idinium	   units	   on	   the	   surface	   inhibiting	   a	   high	   degree	   of	   in-­‐
corporation.	  
GCPs	   are	   active	   for	   oxygen	   reduction	   catalysis	   as	   prepared	  
without	  any	  thermal	  annealing.	  Figure	  3a	  shows	  linear	  sweep	  
voltammograms	  of	  an	  unmodified	  GC	  rotating	  disk	  electrode	  
(dotted	  black	   line)	   and	   1	   (solid	  black	   line).	  Whereas	   the	  un-­‐
modified	   GC	   electrode	   shows	   a	   catalytic	   onset	   potential	   of	  
~0.6	  V,	  1	  displays	  catalytic	  onset	  at	  0.75	  V	  and	  displays	  18	  fold	  
higher	   current	   at	  0.6	  V.	  The	  differential	   substitution	  pattern	  
of	  2	  and	  3	  gives	  rise	  to	  a	  systematic	  change	  in	  catalytic	  activi-­‐
ty;	   the	   electron	   donating	  methyl	   group	   in	   2	   leads	   to	   an	   ~18	  
mV	  shift	  to	  higher	  overpotential	  at	  1	  mA	  cm-­‐2	  current	  density,	  
whereas	   the	   electron	   withdrawing	   pyridinium	   moiety	   in	   3	  
leads	   to	   an	  ~24	  mV	   shift	   to	   lower	   overpotential	   at	   the	   same	  
current	   density.	  Owing	   to	   a	   higher	   surface	   area,	   films	   of	   3’-­‐
treated	  Monarch	  1300	  on	  GC	  disk	  electrodes	  (see	  SI	  for	  details	  
of	  film	  preparation)	  exhibit	  a	  ~19	  mV	  positive	  shift	  relative	  to	  
3	  at	  the	  same	  current	  density.	  Importantly,	  exhaustive	  efforts	  
to	   remove	   trace	  metal	   ion	   impurities	   from	  the	  KOH	  electro-­‐
lyte	  via	  pre-­‐electrolysis	  or	  chelation18	  resulted	  in	  no	  change	  in	  
catalytic	  activity	  for	  the	  modified	  carbons	  (Figure	  S8),	  indicat-­‐
ing	   that	   catalysis	   emerges	   from	   the	   surface	   pyrazine	  moiety	  
itself	  rather	  than	  adsorbed	  metal	  ion	  impurities	  from	  the	  elec-­‐
trolyte.	   Together,	   these	   results	   establish	   that	   GCPs	   display	  
oxygen	  reduction	  activity	  that	  can	  be	  incrementally	  tuned	  via	  
derivatization	  of	  the	  phenylenediamine	  precursor.	  	  
	  
Figure	  3.	  (a)	  Linear	  sweep	  voltammograms	  (5	  mV/s	  scan	  rate)	  
of	  1	  (black),	  2	  (red),	  3	  (blue),	  3’-­‐treated	  Monarch	  1300	  (dotted	  
purple)	   and	   unmodified	   GC	   (dotted	   black)	   recorded	   in	   O2	  
saturated	  0.1	  M	  KOH	  electrolyte.	  Data	  were	  recorded	  at	  2000	  
RPM	   and	   current	   densities	   are	   normalized	   to	   the	   geometric	  
electrode	   area.	   (b)	   Tafel	   plots	   of	   per	   site	   activity	   versus	   ap-­‐
plied	  potential	  for	  1	  (black),	  2	  (red),	  3	  (blue)	  and	  Ag	  (green).	  
To	  probe	  catalytic	  efficiency	  and	  mechanism	  in	  greater	  detail,	  
we	   collected	   steady	   state	   measurements	   of	   the	   activation-­‐
controlled	  current	  density	  for	  oxygen	  reduction	  as	  a	  function	  
of	   applied	   potential.	   Independently	   prepared	   electrodes	   ex-­‐
hibit	   very	   similar	   activity	   (Figure	  S9)	  highlighting	   the	   repro-­‐
ducibility	   of	   this	   system.	   The	   activation	   controlled	   currents	  
were	   obtained	   from	   Koutechky-­‐Levich	   (K-­‐L)	   plots	   for	   larger	  
overpotentials	   (representative	  K-­‐L	   plots	   are	   shown	   in	   Figure	  
S10).	  Activation	  controlled	  currents	  were	   then	  normalized	   to	  
the	   integrated	  charge	  passed	   to	   reduce	   the	  electroactive	  sur-­‐
face	  pyrazine	  in	  the	  absence	  of	  O2	  (see	  above),	  thereby	  gener-­‐
ating	   turnover	   frequency	   (TOF)	   values	   in	   electrons	   trans-­‐
ferred	  per	  pyrazine	  site	  per	  second.	  
Tafel	  plots	  of	  the	   log	  of	  the	  TOF	  vs	  the	  applied	  potential	  are	  
shown	  in	  Figure	  3b	  and	  reveal	  that	  the	  rate	  of	  oxygen	  reduc-­‐
tion	  is	  highly	  sensitive	  to	  the	  substitution	  pattern	  of	  the	  GCP	  
catalyst.	  Whereas	  methyl	   substituted	   2	   (Figure	   3b,	   red)	   dis-­‐
plays	   a	  TOF	  of	  0.12	  ±	  0.01	   s-­‐1	   at	   0.7	  V,	   fluoro	   substituted	   1	   is	  
nearly	  3-­‐fold	  more	  active	  (Figure	  3b,	  black)	  at	  the	  same	  poten-­‐
tial	   with	   a	   TOF	   of	   0.35	   ±	   0.04	   s-­‐1.	   Interestingly,	   3	   displays	   a	  
TOF	   value	   of	   8.6	   ±	   0.2	   s	   -­‐1	   at	   the	   same	   potential	   (Figure	   3b,	  
blue),	  over	  one	  order	  of	  magnitude	  greater	  than	  1	  -­‐	  providing	  
for	  similar	  TOF	  values	  to	  that	  of	  polycrystalline	  Ag	  (Figure	  3b,	  
green)	  on	  a	  per	  site	  basis	  (see	  SI	  for	  calculation	  of	  Ag	  site	  den-­‐
sity).	  To	  the	  best	  of	  our	  knowledge,	  this	  is	  the	  first	  report	  of	  a	  
per-­‐site	   TOF	   for	   a	  metal-­‐free	  N-­‐containing	   carbon.	   Interest-­‐
ingly,	   1-­‐3	   all	   display	   similar	   Tafel	   slopes	   of	   60±5	  mV/decade	  
indicating	  that	  they	  all	  proceed	  through	  a	  reversible	  one	  elec-­‐
tron	  transfer	  step	  followed	  by	  rate	  limiting	  chemistry.19	  These	  
results	  establish	  that	  heterogeneous	  oxygen	  reduction	  cataly-­‐
sis	   can	   be	   tuned	   with	   molecular	   level	   specificity	   using	   this	  
simple	  surface	  condensation	  chemistry.	  	  
To	   probe	   the	   selectivity	   of	   1-­‐3	   for	   four-­‐electron	   reduction	   of	  
O2	   to	   water,	   we	   conducted	   rotating	   ring-­‐disk	   electrode	  
(RRDE)	  voltammetry	   (Figure	  S11).	  The	  Faradaic	  efficiency	   for	  
water	  production	  was	  found	  to	  be	  ~77%	  at	  0.7	  V	  and	  rises	  to	  
~94%	  at	  0	  V	  for	  3’-­‐treated	  high	  surface	  area	  carbon.	  Addition-­‐
ally,	  long-­‐term	  potentiostatic	  electrolysis	  of	  1	  reveals	  only	  7%	  
decay	  in	  catalytic	  activity	  over	  12	  hours	  (Figure	  S12).	  Based	  on	  
the	  total	  charge	  passed	  over	  this	  time	  period,	  this	  corresponds	  
to	  a	  lower	  limit	  TON	  of	  ~8,000.	  Over	  the	  same	  time	  period	  3	  
slowly	   deactivates	   to	   ~50%	   of	   its	   initial	   activity	   (Figure	   S12)	  
with	   similar	   Faradaic	   efficiency	   for	  water	  production	   (Figure	  
S13).	  We	  attribute	  the	  activity	  decay	  to	  base-­‐catalyzed	  hydrol-­‐
ysis	   of	   the	   pyridinium	   moiety.20 	  However,	   following	   initial	  
decay,	  3	   then	  exhibits	  sustained	  catalytic	  activity	  comparable	  
to	  1	   (Figure	  S12)	  –	  highlighting	  the	  robustness	  of	  the	  pyrazine	  
linkage	  under	  harsh	  electrocatalytic	  conditions.	  
GCPs	   display	   significantly	   greater	   oxygen	   reduction	   activity	  
than	  homogenous	  molecular	  analogs.	  For	  this	  comparison,	  we	  
choose	   carboxy-­‐substituted	   molecular	   pyrazine	   derivatives	  
due	  to	  their	  enhanced	  water	  solubility.	  Thus,	  to	  provide	  a	  fair	  
comparison,	  we	  prepared	  4-­‐carboxy	  substituted	  GCP,	  4,	  which	  
bears	  the	  same	  substitution	  pattern.	  Cyclic	  voltammograms	  of	  
the	  molecular	  analogs,	  pyrazine	  (Figure	  4a,	  red),	  quinoxaline-­‐
6-­‐carboxylic	   acid	   (Figure	   4a,	   green)	   and	   diben-­‐
zo[a,c]phenazine-­‐2-­‐carboxylic	   acid	   (Figure	   4a,	   blue)	   display	  
reversible	  waves	   in	  the	  absence	  of	  O2.	  The	  former	  two	  mole-­‐
cules	  exhibit	  peak	  currents	  that	  scale	  linearly	  with	  the	  square	  
root	  of	  the	  scan	  rate,	  diagnostic	  of	  a	  diffusing	  species	  (Figures	  
S14	   &	   S15)	   whereas	   the	   wave	   for	   the	   latter	   arises	   from	   both	  
adsorbed	  and	  diffusing	  species	  (Figure	  S16).	  As	  the	  number	  of	  
fused	   rings	   increases	   across	   this	   series,	   the	   formal	   reduction	  
potential	  shifts	  positively	  by	  ~0.3	  V	  to	  a	  value	  comparable	  to	  
the	   main	   peak	   observed	   for	   4-­‐carboxy	   substituted	   GCP,	   4	  
(Figure	  4a,	  brown).	  Interestingly,	  ORR	  catalytic	  current	  for	  all	  
of	  the	  molecular	  analogs	  is	  actually	  suppressed	  relative	  to	  the	  
background	  activity	  of	  the	  freshly	  polished	  GC	  electrode,	  sug-­‐
gesting	  that	  these	  molecules	  deactivate	  the	  electrode	  towards	  
oxygen	  reduction	  catalysis.	  Indeed,	  increasing	  the	  concentra-­‐
tion	  of	   quinoxaline-­‐6-­‐carboxylic	   acid	  only	   serves	   to	   suppress	  
catalytic	   activity	   further	   (Figure	   S17).	   In	   contrast,	   4	   displays	  
ORR	  onset	  ~100	  mV	  more	  positive	   than	   the	  GC	  background.	  
The	   unique	   performance	   of	   the	  GCP	  may	   arise	   from	   surface	  
conjugated	  species	  with	  more	  positive	  potentials	  than	  that	  of	  
discrete	  molecules	   (Figure	   4a),	   or	   to	   an	   intrinsic	   role	   of	   ex-­‐
tended	  conjugation	  in	  lowering	  the	  barrier	  for	  electron	  trans-­‐
fer	   and	   O2	   activation.21	  Together,	   these	   data	   highlight	   that	  
GCPs	   can	   display	   potent	   multi-­‐electron	   reactivity,	   which	   is	  
absent	  in	  discrete	  molecular	  analogs.	  
	  
Figure	   4.	   (a)	   Cyclic	   voltammograms	   of	   pyrazine	   (red),	  
quinoxaline-­‐6-­‐carboxylic	  acid	  (green),	  dibenzo[a,c]phenazine-­‐
2-­‐carboxylic	   acid	   (blue)	   and	   4	   (brown)	   recorded	   in	   N2-­‐
saturated	  0.1	  M	  KOH.	   (b)	  Linear	   sweep	  voltammograms	  of	   a	  
freshly	  polished	  GC	  disk	   electrode	   rotated	   at	   2000	  RPM	  and	  
recorded	  in	  O2-­‐saturated	  0.1	  M	  KOH	  electrolyte	  containing	  5	  
mM	   pyrazine	   (red),	   5	   mM	   quinoxaline-­‐6-­‐carboxylic	   acid	  
(green),	  1	  mM	  dibenzo[a,c]phenazine-­‐2-­‐carboxylic	  acid	  (blue),	  
and	   no	  molecular	   catalyst	   (black).	   Liner	   sweep	   voltammetry	  
of	   4	   (brown)	   rotated	   at	   2000	   RPM	   and	   recorded	   in	   O2-­‐
saturated	  0.1	  M	  KOH.	  All	  data	  recorded	  at	  5	  mV/s	  scan	  rate.	  
In	   conclusion,	   we	   have	   demonstrated	   that	   simple	   ortho-­‐
phenylenediamine	   derivatives	   can	   be	   selectively	   ligated	   to	  
ortho-­‐quinone	   functionalities	   found	   ubiquitously	   on	   edge	  
planes	   of	   graphitic	   carbons.	   As	   prepared,	   the	   resulting	   GCP	  
units	  exhibit	  high	  activity	  for	  oxygen	  reduction	  catalysis.	  Ow-­‐
ing	   to	   the	   molecular	   nature	   of	   the	   surface	   active	   site,	   the	  
overpotential	   for	   oxygen	   reduction	   catalysis	   can	   be	   systemi-­‐
cally	  decreased	  by	   increasing	  the	  electrophilicity	  of	  the	  pyra-­‐
zine	  core,	  reaching	  per	  site	  turn	  over	  frequencies	  rivaling	  me-­‐
tallic	  polycrystalline	  silver.	  Interestingly,	  GCPs	  display	  higher	  
catalytic	   activity	   than	   discrete	   homogeneous	  molecular	   ana-­‐
logs	  bearing	  identical	  functionality.	  Given	  their	  facile	  prepara-­‐
tion	  and	  the	  wide	  array	  of	  accessible	  phenylenediamine	  deriv-­‐
atives,	   GCPs	   are	   poised	   to	   serve	   as	   a	   powerful	   platform	   for	  
constructing	  molecularly	  well-­‐defined,	  tunable	  heterogeneous	  
catalysts.	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